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NANOCOMPOSITE SURGICAL MATERIALS AND METHOD OF 

PRODUCING THEM 

RELATED APPLICATIONS 

This application is a continuation of U.S. Application No. 09/541,374, filed 
March 31, 2000, which claims the benefit of U.S. Provisional Application No. 
60/127,244, filed March 31, 1999. The entire teachings of the above applications are 
incorporated herein by reference. 

BACKGROUND OF THE INVENTION 

Surgical materials are important synthetic biomaterials that can be implanted in 
humans or animals and are used extensively in orthopedic surgery and related areas such 
as total joint arthroplasty. A number of dental applications also require the use of 
surgical materials such as cements. 

The most common cement currently employed in cemented total joint 
arthroplasty is obtained by the polymerization of poly(methyl methacrylate) with methyl 
methacrylate monomer. In cemented total joint replacement, the surgical cement, also 
referred to as the bone cement, anchors the prosthesis to the contiguous bone. One 
concern associated with self-curing acrylic-based bone cements is the fracture of 
cements due to defects such a voids and agglomeration of fillers. (Topoleshi LDT. et al 9 
Biomaterials 14(15): 1 166-1 172 (1993) Microstructual Pathway of Fracture in 
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Poly(Methyl Methacrylate Bone Cement (Demian, et ah Regulatory Perspective on 
Characterization And Testing of Orthopedic Bone Cement, Biomaterials 19: 160-7- 
1618 (1998). Accordingly, a need exists for surgical cements which eliminate or 
minimize the above-referenced problems. 

5 SUMMARY OF THE INVENTION 

The invention is directed to composite surgical materials characterized by a very 
fine matrix ligament thickness. The surgical material is referred to herein as a 
"nanocomposite material" as the material is characterized by a nanoscale structure 
produced by nanometer fillers. However, micron size fillers can be used in the materials 
10 and methods described herein. The average matrix ligament thickness of the composite 
surgical materials of the invention is less than about 1000 nanometers, preferably less 
than about 750 nanometers. More preferred are average matrix ligament thicknesses of 
less than about 500 nanometers. In an especially preferred embodiment, the surgical 
materials of the invention have an average matrix ligament thickness of less than about 
15 250 nanometers. The reduced matrix ligament thickness of the surgical materials of the 
invention is promoted by both (a) fillers having a very fine average mass diameter and 
(b) dispersion methods which avoid or preclude filler aggregation or agglomeration. 

The composite surgical materials of the invention include a polymer matrix (e.g., 
biodegradable or non-biodegradable polymer) and filler. In a preferred embodiment, the 
20 polymer matrix is obtained by the polymerization of poly(methyl methacrylate) with 
methyl methacrylate monomer. Other polymeric materials can also be employed. 

The filler can be solid, liquid, gas or mixture thereof. The filler has an average 
mass diameter less than about 1000 nanometers, preferably less than about about 750 
nanometers. More preferred are fillers having an average mass diameter of less than 
25 about 500 nanometers. In most preferred embodiments, fillers have an average mass 
diameter between about 1 nanometer and about 250 nanometers and in particular 
between about 1 nanometer and about 150 nanometers. 

The invention also pertains to a polymeric powder for preparing a 
nanocomposite surgical material as described herein. A polymeric precursor (powder) 
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is admixed with a filler to produce a uniformly dispersed polymeric powder. The 
powder can then be conveniently used in the preparation of a surgical material or 
cement. Preferably the polymeric powder includes polymethyl methacrylate. 

The invention is also related to methods and apparatus for incorporating a filler 
5 in a polymer matrix and forming a composite surgical material having the reduced 
matrix ligament thickness discussed above. For an acrylic type surgical cement, the 
filler can be introduced into one of the cement precursors prior to mixing, during the 
mixing of the precursors or into a pre-prepared paste, dough or liquid where 
polymerization is induced. The filler is combined, dispersed or mixed into the cement 

10 in a way which minimizes the aggregation, agglomeration or coalescence of filler 
particles or filler domains such as filler droplets or bubbles. 

One aspect of the invention is related to a method and apparatus wherein air- 
cement contact may be eliminated during storage, during transfer to the mixing 
chamber, during the mixing process, during the transfer from the mixing vessel to the 

15 syringe and to the nozzle, as well as during release at the in vivo site. In preferred 
embodiments of the invention, the methods and apparatus are used to incorporate the 
filler into the composite surgical materials discussed above. 

The invention has many advantages. For example, the composite surgical 
material (e.g., surgical cements, plates and screws) of the invention have superior 

20 mechanical properties, in particular good toughness. The surgical materials prepared 
using the methods and apparatus of the invention are less likely to form the type of large 
voids which are thought to result in surgical material prone to fractures. The invention 
allows for the incorporation of small size, well dispersed fillers into the surgical 
material (e.g., surgical cements, bone cements, plates and screws). Fillers other than 

25 solid particles can be introduced into the composite surgical materials by practicing the 
invention. Since the invention can provide for the isolation or occlusion from ambient 
air of all steps involved in preparing and transferring the surgical material into a human 
or veterinarian patient, escape of harmful vapors or odors into the work environment is 
reduced or eliminated. If contact with air occurs at any of the steps, vacuum or a 

30 pressurizing gas can be reapplied. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 represents a longitudinal cross-sectional view of a mixing apparatus that 
can be used to mix the cement precursors under vacuum or under pressure. 
5 Fig. 2 represents a cross sectional view of an apparatus that can be used to pour 

the ready mixed cement into the nozzle. 

Fig. 3 represents a cross sectional view of a vacuum nozzle adapter that can be 
used to apply a vacuum while dispensing the ready mixed cement into the nozzle. 

Fig. 4 is a scanning electron microscopy (SEM) micrograph of a radiolucent 
10 cement containing no filler. 

Fig. 5 is a scanning electron microscopy (SEM) micrograph of a conventional 
bone cement exhibiting agglomerates having 10-20 micrometer diameters. 

Fig. 6 is a scanning electron microspcopy (SEM) micrograph of a conventional 
bone cement including barium sulfate. 
15 Fig. 7 is a scanning electron microscopy (SEM) micrograph of a cement which 

includes barium sulfate particles having a diameter of 100 nanometer. 

Fig. 8 is a scanning electron microscopy (SEM) micrograph of a cement which 
includes alumina particles having a diameter of 60 nanometer. 

The foregoing and other objects, features and advantages of the invention will be 
20 apparent from the following more particular description of preferred embodiments of 
the invention, as illustrated in the accompanying drawings in which like reference 
characters refer to the same parts throughout the different views. The drawings are not 
necessarily to scale, emphasis instead being placed upon illustrating the principles of the 
invention. 



25 DETAILED DESCRIPTION OF THE INVENTION 

Surgical materials such as, for example, surgical (bone) cements, surgical 
implants, plates and screws, can include a polymeric matrix which can be formed from 
polymeric materials, e.g., non-biodegradable or biodegradable polymers. The invention 
can use any one of the materials currently employed in forming surgical cements. For 



1407.1037-009 

-5- 

example, the invention is directed to cements produced from non-biodegradable 
polymeric materials such as, for example, acrylic polymers, polyurethanes and others. 

In a preferred embodiment, the composite surgical materials of the invention 
include acrylic-based polymers, in particular cements formed through polymerizing or 
5 curing poly(methyl methacrylate) and methyl methacrylate monomer. Precursors 
commonly used to produce self curing, acrylic type surgical cements, often include 
powder and liquid components. Powder components typically include prepolymerized 
poly(methyl methacrylate), an initiator for the polymerization reaction and a radio- 
opaque additive. Liquid components typically include methyl methacrylate monomer, a 
10 promoter or accelerator for breaking down the catalyst and for initiating free radicals 
and a stabilizer which prevents premature polymerization. Powder and liquid 
formulations suitable in forming acrylic surgical cements are commercially available, 
for example in quantities of 40 grams per package, and 20 ml per container, 
respectively. 

1 5 In other embodiments, the polymer matrix of the surgical materials of the 

invention can also include methyl methacrylate and/or its co-polymers such as methyl 
methacrylate-co-styrene, polymerized butyl methacrylate, styrene, carbonate and others. 
Residual monomer such as methyl methacrylate or butyl methacrylate can also be 
present in the polymer matrix. 

20 In further embodiments, pre-prepared pastes, doughs or liquids can be employed. 

Often, the curing of these viscous formulations is induced (or their rate of 
polymerization is increased), as desired for application at the in vivo site. Other suitable 
formulations for producing bone cements include but are not limited to polyurethanes. 
In another embodiment, surgical materials include ploymers that are 

25 biodegradable. Resorbable polymers are particularly useful in fabricating implant plates 
and screws and can include, for example, polylactic acid (PLA), polyglycolic acid 
(PGA), polydioxanone (PDS), polyethylene oxide (PEO) polycaprolactone (PCL), as 
well as co-polymers or blends thereof. The invention can also be practiced with 
cements used in dental applications, art restoration and other fields. 
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The surgical materials of the invention (e.g. bone cements, prepolymerized 
surgical implants, plates, screws) also include a filler. The filler can be solid or fluid (a 
liquid, or a gas). Mixtures of components of different chemical compositions and 
mixtures of solids, mixtures of fluids and mixtures of solids and fluids can also be 
5 employed. 

In preferred embodiments of the invention, the fillers employed deliver 
additional benefits. For example, fillers can have radio-opaque properties or can 
include biologically active or pharmaceutical compounds, such as, for example, 
bisphonates, antibiotics and others. Other preferred fillers include fillers which have 

10 magnetic properties and can create or enhance a magnetic field. Still other preferred 
fillers which can be employed have osteoinductive properties. Fillers also can include 
biologically active substances such those used in the treatment, prophylaxis or diagnosis 
of diseases. Specific examples include but are not limited to growth factors, 
bisphonates, antibiotics and others. Solid biomolecules and pharmaceutical compounds 

15 (e.g., gentamicin, tobramicin) also can be used as fillers. 

In a preferred embodiment, the solid fillers employed have X-ray contrast 
properties. Examples of fillers which have X-ray contrast or radio-opaque properties 
include but are not limited to barium salts, such as, for example, barium sulfate, barium 
fluoride and barium polyacrylate; metal oxides, such as, for example, titanium dioxide, 

20 zirconium oxide, chromium oxide, and zinc oxide; bismuth glass; and mixtures thereof. 
Such compounds are also referred to herein as radio-pacifiers. Examples of other solid 
fillers include, but are not limited to carbon particles, solid organic or polymeric 
compounds, such as thermoplastics, thermosets, elastomers or rubbers, (for example: 
poly dimethyl siloxane), glassy polymers (for example: polystyrene latex particles), 

25 block copolymers (for example: poly (methyl methacrylate-co-dimethyl siloxane) are 
still other solid fillers which can be used in practicing the invention. Fillers which 
incorporate pharmaceutical powder formulations can also be employed. 

Liquid fillers can include pure liquids (for example: water, ethanol), mixtures of 
liquids or liquids containing dissolved chemicals. In a preferred embodiment, the liquid 

30 filler includes a bioactive material dissolved, dispersed, suspended or otherwise 
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combined with the liquid. For example, biomolecules or pharmaceutical compounds 
used in the prophylaxis, treatment or diagnosis of disease, such as peptides, proteins, 
antivirals, antibiotics solutions or suspensions can be employed. Specific examples 
include but are not limited to alendronate dissolved in either water or alcohol, colloidal 
5 hydroxyapatite particles suspended in water. 

Gaseous fillers include but are not limited to air, carbon dioxide, oxygen, 
nitrogen, argon, xenon, krypton and other gases and mixtures thereof. 

As noted above, the invention can be practiced with mixtures of fillers having 
different compositions and/or phase. For example, two or more chemically different 

10 gas, solid or liquid fillers can be incorporated into the polymer matrix. Micelles 
containing aqueous or non-aqueous liquids or mixtures of liquids or solutions or 
dispersions of pharmaceutical compounds and micelles formed from block copolymers 
(for example, poly(dimethyl siloxane and ethylene glycol copolymers), synthetic 
amphophilic molecules (bis(2-ethylhexyl)sulfosuccinate, for example) or biological 

15 amphiphilic molecules (L-alpha-phospatidylcholine, for example) can also be used, as 
can solid hollow microspheres having a solid shell which may be polymeric and which 
surrounds a gas, liquid or solid core. 

The invention is related to building into surgical materials a very fine 
heterogeneous structure formed by incorporating into the polymer matrix one or more 

20 well dispersed, small size fillers, preferably nanometer size fillers. In the surgical 
materials of the invention, filler particles or filler domains give rise to a fluctuation in 
density or composition. As used herein, the term "fluid filler" refers to gaseous fillers or 
to liquid fillers and the terms "filler particles" and "filler domains" are used herein in 
relation to solid fillers and to fluid fillers, respectively. The shortest distance between 

25 the closest surfaces or closest outer edges of two neighboring filler particles or filler 
domains represents the "matrix ligament thickness" or, in short, the "ligament 
thickness". 

The composite surgical materials of the invention are characterized by an 
average matrix ligament thickness, defined as the average shortest distance between the 
30 closest outer edge or surface of neighboring filler particles, filler domains or their 
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agglomerates, which is less than about 1000 nanometer. Preferably, the average matrix 
ligament thickness less than about 750 nanometers. More preferred are average matrix 
ligament thicknesses of less than about 500 nanometers. In an especially preferred 
embodiment, the surgical materials of the invention have an average matrix ligament 
5 thickness of less than about 250 nanometers. As used herein, the phrase "low matrix 
ligament thickness" refers to an average matrix ligament thickness which is less than 
about 1000 nanometers. 

Matrix ligament thickness is discussed, for example, by S. Wu, J. Appl Polym. 
Set, Vol 35/549-561 (1988), the contents of which are incorporated herein by reference 
10 in their entirety. Matrix ligament thickness can be estimated by applying the following 
mathematical equation which relates the matrix ligament thickness to the diameter of 
particles in a heterogeneous material when the particles are uniformly dispersed in the 
matrix material: 

x = d[k(K/6(J)) 1/3 -l] Equation 1 

15 where x is the matrix ligament thickness, d is the particle diameter, (j) is the volume 
fraction of the particles in the polymer matrix and k is a geometric constant related to 
particle packing. For example, for a cubic lattice, k = 1, for a body centered lattice, k = 
2 1/3 , and for a face centered lattice, k = 4 1/3 . 

Equation 1 can be employed also to calculate matrix ligament thickness for fluid 
20 (gas or liquid) fillers. 

Matrix ligament thickness can also be determined experimentally, for example 
from micrographs obtained by electron microscopy techniques, for example by scanning 
electron microspcopy or SEM. Image analysis techniques, such as, for example, Scion 
Image 1.6, can be employed to estimate the matrix ligament thickness from given SEM 
25 micrographs. Ultra small angle X-ray scattering (USAXS) is another suitable 

experimental technique which can be employed to determine matrix ligament thickness. 

The use of small diameter filler particles or domains promotes low ligament 
thickness, such as a ligament thickness which is less than about 1000 nanometers, hence 
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the preference for small average diameter fillers. In addition, low matrix ligament 
thickness is also enhanced by employing methods of combining, mixing or dispersing 
which minimize the aggregation, agglomeration or coalescence of filler particles or filler 
domains (bubbles or droplets). In turn, this minimizes formation into the surgical 
5 material structure of large pores, corresponding to filler aggregates, and is believed to 
reduce mechanical failure and aseptic loosening incidents. 

The fillers employed in the practice of the invention have an average mass 
diameter of less than about 1000 nanometers, preferably less than about about 750 
nanometers. More preferred are fillers having an average mass diameter of less than 

10 about 500 nanometers. In most preferred embodiments, fillers have an average mass 
diameter between about 1 nanometer and about 250 nanometers and in particular 
between about 1 nanometer and about 150 nanometers. As used herein, the term "mass 
diameter" refers to the longest dimension of the cross-sectional area of the filler solid 
particle, liquid droplet or gaseous bubble. For a spherical particle, droplet or bubble, the 

1 5 mass diameter is the same as the diameter of the sphere. For nano-fibers or nano-tubes, 
the mass diameter is the thickness of the fiber or tube. 

Incorporation of a filler into the polymer matrix generally is carried out at a 
point prior to the setting of the material. For example, fillers can be combined, 
incorporated, included or otherwise mixed with a powder precursor employed in making 

20 a surgical cement, such as for example, a powder which includes the prepolymerized 
poly(methyl methacrylate). Fillers can also be incorporated, for example, solubilized or 
dispersed into a liquid precursor, for example, in the liquid methyl methacrylate 
monomer formulation. The filler can also be incorporated into the bone cement by 
adding it to both powder and liquid precursors before or during mixing the components. 

25 Alternatively, the filler can be incorporated into a pre-prepared paste, dough or liquid 
for which curing can be induced (or rate of curing can be increased) prior to the 
complete curing or setting of the cement. 

Depending on how the filler is combined with precursor materials employed in 
forming the polymer matrix of the surgical materials of the invention, those skilled in 

30 the art will recognize that regions of higher filler concentration and regions from which 
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filler may be absent may exist in the polymeric matrix. For instance, a surgical cement 
formed by combining a filler, such as, for example, a radio-opaque compound, with a 
poly(methyl methacrylate) powder, followed by combining the mixture with a liquid 
component (e.g., methyl methacrylate monomer), followed by curing, can display 
5 regions which include the filler and correspond to the polymerized monomer and 
regions which correspond to the pre-polymerized powder particles, in which filler is 
absent. Such regions can be observed by electron microscopy techniques, as known by 
those skilled in the art. In such instances, matrix ligament thickness or average matrix 
ligament thickness of the surgical materials of the invention are determined in the 

10 regions which include filler, e.g. the regions formed corresponding to the 
filler/polymerized monomer described above. 

In another embodiment, a filler can be present in a liquid precursor (e.g. methyl 
methacrylate monomer) but not in the powder precursor. In this case, filler is 
predominantly present in regions corresponding to polymerized monomer. Matrix 

1 5 ligament thickness or average matrix ligament thickness are determined in regions 
formed by polymerized monomer. In yet another embodiment, a filler can be present 
within the pre-polymeric powder particles. 

Low matrix ligament thicknesses are promoted also by minimizing filler 
agglomeration or aggregation. Methods which can be employed in enhancing filler 

20 dispersion and minimizing agglomeration or aggregation are described below. 

Uniform dispersions of fillers can be obtained by employing mechanical means 
(e.g., high speed mixing, ultrasonication) or by other techniques, such as, for example, 
applying electrostatic forces. Both solid nanoencapsulated fillers, such as those 
described below, as well as uncoated solid fillers can be used. 

25 In one embodiment of the invention, solid filler is dispersed in a powder 

precursor of a surgical material by mixing the filler and powder precursor at a stirring 
rate exceeding about 350 rpm, preferably is in excess of 500 rpm, for example, it can be 
in the range from about 750 to about 2,000 rpm and as high as about 2,000 to about 
20,000 rpm. As used herein, "stirring rate" corresponds to the rate at which the axle of 

30 the stirrer rotates. In a preferred embodiment filler particles have an average mass 
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diameter of less than about 1000 nanometers. Uniform dispersion can also be imparted 
to larger fillers, for example fillers having an average mass diameter in the range 
between 1 and 100 microns. 

Other methods suitable to uniformly disperse solid fillers in a precursor 
5 component employed in producing the surgical materials of the invention include, but 
are not limited to, ultrasonication and the use of electrostatic forces to minimize or 
essentially eliminate aggregation. Techniques for performing ultrasonication and or 
applying electrostatic forces are known in the art. 

Other methods for preventing or reducing agglomeration or aggregation of filler 
10 particles include the use of dispersing agents. Dispersing agents can be used in addition 
to or alternatively to the mechanical means of mixing, (e.g., high rates of mixing, 
ultrasonication) or to employing electrostatic forces, such as, for example, described 
above. 

In one embodiment, the dispersion of a solid filler in one of the precuror 

15 materials employed to form the surgical materials of the invention, for example into the 
powder component employed to form a polymerized acrylic cement, can be enhanced by 
treating the solid filler with a dispersing agent which reduces the agglomeration or 
aggregation of filler particles. Dispersing agents can be used, for example, during 
fabrication of the pre-polymerized powder, and to facilitate the introduction of fillers 

20 into the powder such that the average ligament thickness of the resulting surgical 
material is less than about 1000 nanometers, preferably in the range of about 1 
nanometer and about 750 nanometers. Examples of compounds which can be employed 
to treat solid filler particles to increase their dispersion properties, to reduce their 
agglomeration or aggregation and enhance the uniformity of dispersion include but are 

25 not limited to organic compounds, such as, for example, the monomer used to make the 
surgical materials of the invention, citrates and others. Coupling agents such as 
organosilanes can be employed also, as can be polymeric materials such as surfactants, 
for example sodium dodecyl sulfate. 

Preferably, the solid filler particles are impregnated or thinly coated with the 

30 dispersing agent. Layers which are less than about 1000 nanometers, in particular layers 
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in the range of 1 nanometer to 750 nanometers are preferred resulting in fillers which 
are referred to herein as "nanoencapsulated". Especially preferred are fillers 
impregnated with a monolayer- thin dispersing agent. 

Methods of treating solid fillers with dispersing agents are known in the art. For 
5 example, solid fillers can be combined with an agent such as described above in a 
colloidal solution, followed by drying. 

In one embodiment of the invention, water-oil emulsions using micelles can be 
formed in the liquid monomer and then combined with the pre-polymerized powder 
precursor. In another preferred embodiment, a suspension of filler is formed in the 
1 0 liquid monomer and then combined with the powder. 

Dispersing can be carried out using a dispersing agent or a surfactant, such as an 
amphiphilic molecule that includes a hydrophilic portion and a hydrophobic portion. 
Examples of preferred surfactants include but are not limited to synthetic commercial 
surfactants such as (1) IGEPAL™ (Rhodia Inc., Cranbury, NJ) which are nonylphenol 
1 5 ethyxylates; (2) AOT, the chemical name for which is bis(2-ethylhexyl) sulfosuccinate; 
and (3) CTAB which is hexadecyltrimethylammonium bromide. In a preferred 
embodiment, biological amphiphilic molecules are used as dispersing agents, such as 
phospholipids (for example, L-alpha-phosphatadylcholine and other 
phosphatidylcholines, phosphatidylethanolamines, phosphatidylglycerols, 
20 phosphatidylserines, phosphatidylinositols and combinations thereof). 

In one formulation, a known amount of dispersing agents is dissolved into the 
monomer, followed by addition of water or another liquid filler that is immiscible with 
the monomer, resulting in a water-in-oil type of microemulsion in which the water 
domains are of a diameter in the range of less than about 1000 nanometers, preferably 
25 less than 750 nanometers and can be as small as about 1 nanometer. This monomer 
nanoemulsion is mixed with polymer powder and polymerized to form the final surgical 
material. 

In another embodiment of the invention, a gaseous filler is dispersed into a 
liquid, a mixture of powder and liquid precursors, or into a pre-prepared paste, dough or 
30 liquid where polymerization is induced or where the rate of polymerization is increased, 
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prior to use, by dispersing at variable speed in a gaseous atmosphere. The pressure of 
the gaseous atmosphere can vary from dispersing under vacuum to dispersing at 
atmospheric or at higher than atmospheric pressures. Dispersing can also be carried out 
under fluctuating pressure conditions. For example the pressure can be changed, 
increased and/or relaxed one or several times or alternated at regular or varied time 
intervals. The pressure fluctuations can range from vacuum pressures to pressures 
exceeding atmospheric pressure. 

The amount of filler that is to be added in order to obtain the desired mechanical 
properties and minimal ligamant thickness depends on at least some of the following 
parameters: the type of filler, the cement composition, the dispersing techniques and/or 
apparatus. The optimum amount of filler can be determined experimentally. A filler 
such as water, for example, has been dispersed up to 40% (by volume) in monomer 
using a mixed surfactant system. 

The surgical materials of the invention can be thought of as "composites" since 
they include chemically distinct components: a polymer matrix such as the self-curing 
acrylic material (for instance, polymerized poly(methyl methacrylate) with methyl 
methacrylate monomer) and a filler. Though each component has its own physical and 
chemical properties, when combined, the result is a surgical cement material having 
properties that are different from those of either component. Composites are often 
associated with improved mechanical properties. Since the surgical materials of the 
invention are characterized by small matrix ligament thicknesses, often on the 
nanometer scale, they also can be referred to as nanophase composites or 
nanocomposites. 

Mechanical properties of the composite surgical materials of the invention can 
be tested as known in the art. Specific mechanical properties which can be tested 
include, for example, tensile failure stress, tensile modulus, fracture toughness, breaking 
stress and strain, and others. Preferred testing methods include, for example, ASTM 
(American Society for Testing & Materials) standard compression test, as specified 
under the jurisdiction of ASTM Committee F-4 on Medical and Surgical Materials and 
Devices and designated by the number F 451-95; ASTM Compact Tension Tests 
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Protocol specified under the article D 5045-96 ^Standard test methods for plane-strain 
fracture toughness and strain energy release rate of plastic materials"); ASTM 
Standard D 638 tensile tests; and ASTM Standard Test Method for Measurement of 
Fatigue Crack Growth Rates, designation E647-95a and useful for long term mechanical 
5 testing. 

. Another aspect of the invention is related to methods and apparatus for preparing 
surgical cements. The methods and apparatus of the invention can be used to eliminate 
air contact during the storage of cement precursors, during the mixing process, during 
transfer from the mixing chamber into a syringe/nozzle device and during release to the 

10 in vivo site, for example into the intramedullary canal. In a preferred embodiment, the 
methods and apparatus of the invention are used to incorporate fillers and to form the 
composite surgical materials discussed above. In a particularly preferred embodiment, 
high speed mixing can be simulataneously applied. 

In one embodiment of the invention, the cement precursors are stored under 

15 vacuum before being mixed, are mixed under vacuum, are transferred into the discharge 
chamber (also referred to herein as a syringe or a gun) under negative pressure, 
introduced into the nozzle under vacuum and released into the in vivo site. If the 
vacuum is broken at any of these steps, it can be reapplied using the apparatus and 
methods of the invention. An inert coolant such as dried ice or liquid nitrogen can be 

20 used to avoid frictional heating due to high speed mixing. 

Alternatively, pressure can be substituted for vacuum during all or part of the 
mixing and/or transfer process. Gases other than air, for example nitrogen, carbon 
dioxide or a rare gas can be used to provide a positive, atmospheric or lower than 
atmospheric pressure during some or all stages of storing, mixing, transfer and delivery 

25 process. If air contact occurs at any of the steps, the gas pressure can be reapplied, using 
the apparatus and methods of the invention. 

A schematic diagram of an apparatus which can be employed to carry out the 
invention is shown in Fig. 1. Fig. 1 shows cement mixer 10 which includes container 
12. Container 12 can be constructed from a suitable material such as, for example, 

30 stainless steel, or thermoplasts or other. Materials which do not react with the cement 
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precursors, mixtures thereof, or their reaction products are preferred. In one 
embodiment, container 12 is fabricated to withstand pressures higher than atmospheric. 

Container 12 includes stirrer 14 which is connected to driving motor 16. 
Optional transmission means between stirrer 14 and motor 16 (not shown in Fig. 1), 
such as gear mechanisms or through one or more rotating spindles, as known in the art, 
can be employed. In one embodiment of the invention, stirrer 14 can be constructed 
from multiple fine wires. Preferably the wires have a diameter of less than 1 millimeter. 
Stirrers including paddles, blades, impellers, such as, for example, helical impellers, 
beater rotors or rotor turbines can also be employed. 

Driving motor 16 can be, for example, a surgical drill or another motor known in 
the art. Preferably, driving motor 16 provides for rates of mixing corresponding to a 
stirring at a rate ( corresponding to the rate of rotation of stirrer axis) in excess of about 
750, for example up to about 1250 rpm (rotations per minute). It can be as high as 2000 
to 20000 rpm. 

Container 12 also includes piston 18 which can be employed to release the 
contents of container 12, preferably after mixing. In one embodiment, piston 18 is a 
plug such as a piston for a cement gun, further described below. Piston 18 can be 
moved on stirrer 14 axis thus opening a passageway to a syringe/nozzle assembly which 
is further described below. Preferably, the syringe/nozzle assembly is located adjacent 
to container 12 and vacuum is maintained in container 12 as well as in the 
syringe/nozzle assembly. 

Container 12 also includes lid 20 which can be adapted to receive cement 
precursors from optional dispenser 22, through conduit 24. Preferably, lid 20 is fitted to 
container 12 in a leak tight manner which allows container 12 to remain under vacuum. 
In one embodiment, conduit 24 is fitted to lid 20 and optional dispenser 22 in a manner 
designed to withstands a positive pressure. In a preferred embodiment, conduit 24 
includes a port connector designed for a standard syringe used in the health care 
industry. 

As in the case of container 12, dispenser 22, if used, is constructed from 
materials which do not react with the chemical compounds enclosed therein. 
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Preferably, optional dispenser 22 is constructed from materials and in a manner 
designed to maintain a vacuum and/or withstand a positive pressure. More than one 
dispenser 22 can be employed, as can be industry provided container of several units. 
For example, for preparing a self-curing acrylic cement, lid 20 can be adapted to receive 
5 a liquid monomer precursor from a first dispenser 22 and a solid powder precursor from 
a second dispenser 22 (not shown in Fig. 1). Alternatively, the liquid monomer and the 
powder dispenser can be combined in one dispenser 22. A solid, liquid or gaseous 
filler, such as the fillers described above, can be combined with the contents of 
dispenser 22. In other embodiments, an additional dispenser, optionally similar in 

10 design to dispenser 22, can be employed to contain and release to container 12 a solid, 
liquid or gaseous filler such as the fillers described above. 

Container 12 can be subjected to the application of vacuum or of a gas, such as, 
for example, the gas described above, employing hose 26. Pressurizing gas can be 
applied continuously or intermittently. Vacuum and pressurization of cement mixer 10 

15 can be alternated. In a preferred embodiment, a rapid increase or a rapid decrease in 
pressure is employed. The vacuum can range between 5 and 25 inches of Hg. 
Pressures, such as, for example, pressures higher than 25 inches of Hg, atmospheric 
pressure or pressures up to several bars can be employed. If pressures higher than 
atmospheric are employed, a safety relief valve, not shown in Fig. 1 is provided to 

20 cement mixer 10, as known in the art. 

Components present in container 12 are mixed, preferably by the high speed 
mixing described above. In one embodiment of the invention, the contents of 
dispenser(s) 22 can be released into container 12 where they are mixed. A vacuum or a 
desired gas atmosphere can be sustained in the mixing area and discharge/nozzle 

25 assembly. Vacuum or gas can be re-applied if air contact takes place. 

Once mixing has been completed, the ready mixed cement is ready to be applied 
to the desired bone site. This is generally accomplished by using a tube or nozzle which 
provides a conduit to the in vivo site as would be known to one skilled in the art. In the 
event that the mixture becomes exposed to ambient air during this stage of the process, 

30 vacuum (or gas) can be reapplied. 
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In one embodiment of the invention, once mixing is completed, piston 18 is 
moved upwards by pulling on the stirrer axis thus opening a passageway into the 
syringe/nozzle assembly which is positioned next to the mixing device. A continuous 
vacuum can be maintained in the mixing area and in the discharge/nozzle assembly 
5 (Figs. 2 and 3). In another embodiment of the invention, transport of the mixed material 
is carried out under vacuum to the tip of the applicator through a vacuum hose. 

After completion of the cement transfer, the plunger is moved downwards to 
transfer the plug into the syringe. The cement settles in the syringe under vacuum and 
then into the tip of the evacuated nozzle. Lastly, the syringe/nozzle device is removed 
10 from the holding device and placed in a cement gun. 

Fig. 2 shows assembly 40 which includes cement gun 42. Cement gun 42 allows 
the contents 44, enclosed in syringe 46 to be pushed through conduit 48 through vacuum 
nozzle adapter 50. Hose 22 is connected to vacuum 54 and allows for applying a 
vacuum to assembly 40. Fig. 3 shows a more detailed schematic diagram of vacuum 
15 nozzle adapter 50 which includes membrane 56. Membrane 56 allows for gas to be 
evacuated from assembly 40 but prevents contents 44 from being transferred into hose 
52. Membrane 56 may be replaced by a porous rod. For example, the solid non-porous 
rod currently used in mixing devices can be replaced with a porous rod. In a preferred 
embodiment, nozzle 48 is assembled to container 12 of Fig. 1, vacuum (50-52) is 
20 applied, and loaded in cement gun 40. 

The invention will now be further explained in the following examples which 
are not intended to be limiting. All parts and percentages are by weight unless 
otherwise stated. 

EXEMPLIFICATION 
25 Example 1 

The fabrication and mechanical properties were studied for surgical cements that 
contain particulate fillers dispersed into the cement with various matrix ligament 
thicknesses. The cement compositions that were tested were: CMW1™ obtained from 
Johnson & Johnson/Dupuy Inc., located in Warsaw, IN, SIMPLEX P® obtained from 
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Stryker Howmedica Osteonice Inc., located in Rutherford, NJ and also cement powder 
and monomer obtained from Esschem Inc., located in Linwood, PA. The cements tested 
were based on prepolymerized poly(methyl methacrylate) and a copolymer of poly 
(methyl methacrylate-co-styrene). The filler particles tested were barium sulfate powder 
5 of 1 -3 micrometer diameter which are packaged separately along with CMW1™ cement 
obtained from Johnson & Johnson/Depuy Inc. Barium sulfate powder of 100 nanometer 
diameter obtained from Sachtleben Chemie, Duisburg, Germany and NANOTEK™ 
alumina powder of 60 nanometer in diameter obtained from Nanophase Technologies 
Corporation, Burr Ridge, IL were also employed. In the case of the 100 nanometer size 
10 barium sulfate powder, the particles were coated with sodium citrate. In the case of 60 
nanometer size alumina powder, the particles were coated with an acrylic coating. The 
purpose of the coatings was to prevent agglomeration of the particles in the cement 
upon mixing. 

For all barium sulfate containing cements, the weight fraction of the particles 
1 5 based on the total weight of the cement was 10 wt %. In the case of the alumina 

containing cement, the volume fraction of the alumina particles was matched with that 
of the barium sulfate containing cements. 

The cements were mixed under standard vacuum mixing conditions using an 
ARTISAN™ mixer obtained from Stryker Howmedica Osteonics Inc., Rutherford, NJ. 
20 The monomer was prechilled to 6° C prior to mixing. An ARTISAN™ cement gun was 
used to apply all mixed cements into molds for mechanical testing. 

Tensile testing was performed according to ASTM Standard D 638 with a Type 
V dog-bone specimen. Dimensions of the gage section were: width 3.18 mm, thickness 
4 mm, length 7.62 mm. 
25 A minimum of 4 samples were tested on an INSTRON 4201 universal testing 

machine with a crosshead speed of 1 mm/min until failure. Data sampling occurred at a 
rate of 20 Hz for both displacement and load. The work-of-fracture was calculated from 
the stress-strain data and is presented in Table 1. The units of measurements are: 

Work-of : fracture (WOF): [MJ/m 3 ] 
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Table 1 shows that the work-of-fracture (WOF), which is a measure of energy 
required to break, was the highest for the Esschem cement containing the 60 nanometer 
size nanoencapsulated (coated) alumina particles and for the CMW1™ cement 
containing the 100 nanometer diameter, sodium citrate coated barium sulfate particles. 
Thus, the toughness of these cements was higher than the 1-3 micrometer diameter 
barium sulfate containing Esschem, CMW1™ and SIMPLEX™ cements. 
In addition, Table 1 shows results obtained by employing high speed mixing with 
uncoated fillers. 
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TABLE1 





mean 


standard error of the 


Sample 


work-of-fracture 


mean 


Kadiolucent Control 






CMW1 radiolucent 

VA'l it 1 1 UvllvlUvvlll 


2 77 


0 Oft 


Radiopaque Controls 






Esschem PMMA + 10 wt.% BaS04 


1.78 


0.26 


CMW1 radiolucent + 10 wt.% 








1 Tl 

l./Z 


A in 

0.19 


simplex r (including 10 wt.% 






BaS04) 


2.30 


0.20 


Nanocomposites 






Esschem + uncoated A1 2 0 3 


2.01 


0.13 


Esschem + nanoencapsulated A1 2 0 3 


3.09 


0.31 


600nm uncoated 


2.21 


0.13 


600nm nanoencapsulated 


2.05 


0.16 


lOOnm uncoated 


2.36 


0.24 


1 OOnm nanoencapsulated 


2.94 


0.25 


High-Speed Mixing 






600nm uncoated Turbo 


2.17 


0.05 


lOOnm uncoated Turbo 


4.61 


0.10 



Example 2 

Equation 1 (Wu, 1988) can be employed to relate the matrix ligament thickness 
to the diameter of particles in a heterogeneous material when the particles are uniformly 
dispersed in the matrix material: 



25 



T-d[k(7T/6(t)) 1/3 -l] 



Equation 1 
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where x is the matrix ligament thickness, d is the particle diameter, (J) is the volume 
fraction of the particles in the polymer matrix and k is a geometric constant. For a cubic 
lattice, k = 1, for a body centered lattice, k = 2 1/3 , and for a face centered lattice, k = 4 1/3 . 
The weight fraction of filler particles in the monomer phase was 16.6%. Based 
5 on the density of barium sulfate of 4.2 g/cc and a density of 1 .2 g/cc for polymethyl 
methacrylate, the volume fraction of barium sulfate in the cured methyl methacrylate 
monomer phase of all cements was 5.4. Based on the density of aluminim oxide of 4.0 
g/cc, the volume fraction of alumina in the cured methyl methacrylate monomer phase 
was 5.7. Table 2 shows the matrix ligament thickness calculated using equation 1 for 
10 barium sulfate and alumina for the respective particle diameters, and assuming a cubic 
lattice where the matrix ligament thickness is minimum compared to the cubic and body 
centered lattices. No agglomeration of particles in the cements was assumed. 



Table 2 



Particle Composition 


Particle Diameter 
(nanometer) 


Matrix Ligament Thickness 
(nanometer) 


Barium sulfate 


2000 


2265 


Barium sulfate 


100 


113 


Aluminum oxide 


60 


66 



A JEOL 6320FV low voltage high resolution scanning electron microscope 
(SEM) was used to observe the particle morphology in all cements. This method was 

20 used to determine whether the particles agglomerated during the mixing and curing 
process, and to determine the matrix ligament thickness present in commercial cements 
as well as in the new cements fabricated in this invention. All cements were freeze 
fractured and their fracture surfaces were examined using the low voltage SEM 
operating at 1 kV. All cements were examined without applying any conducting coating 

25 to the fracture surfaces. SEM micrographs are present in Figs. 4-8. Fig. 4 is a 

representative micrograph of radiolucent cement containing no barium sulfate. Fig. 5 
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shows 10-20 micrometer diameter agglomerates present in the cement. In general, the 
matrix ligament thickness of these cements is higher than 1 micrometer (see Table 3). 
However, due to agglomeration, the matrix ligament thickness increases since the 
average diameter of the particle agglomerates increases with increase in agglomeration, 
5 as per equation 1. Fig. 6 shows the dispersion of barium sulfate particles in 
SIMPLEX™ cements, while Figs. 7 and 8 show the new cements containing 100 
nanometer barium sulfate and 60 nanometer alumina particles, respectively. It can be 
observed that the matrix ligament thickness in the latter two cements is less than 300 
nonometers while SIMPLEX™ has a matrix ligament thickness greater than one 
10 micrometer. 

Image analysis (Scion Image 1.6) was used for calculation of the matrix ligament 
thickness of various bone cements. Of each image 5 regions of interest were used and 10 
measurements taken of each region. The SEM scale bar was used for calibration. 
ANOVA analysis for repeated measurements was used. Table 3 shows the observed 
15 matrix ligament thickness for SIMPLEX™, the 100 nanometer barium sulfate 
containing cement and the 60 nanometer alumina containing cements. 



Table 3 



Cement fillers 


Mean Matrix Ligament 
Thickness (nanometer) 


Standard Error of Mean 
(nanometer) 


1-3 \im Barium Sulfate 


1270 


99 


100 nm Barium Sulfate 


282 


27 


60 nm Aluminum Oxide 


232 


23 



In the latter two new cements, the matrix ligament thickness was substantially 
lower than 1 micrometer while SIMPLEX™ had a matrix ligament thickness greater 
than 1 micrometer. 

25 These experiments showed that the surgical cements in which the matrix 

ligament thickness was lower than 1 micrometer had a higher work-of- fracture, 
regardless of whether the particles were barium sulfate or aluminum oxide. 
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While this invention has been particularly shown and described with references 
to preferred embodiments thereof, it will be understood by those skilled in the art that 
various changes in form and details may be made therein without departing from the 
scope of the invention encompassed by the appended claims. 



